This study examined whether increased plasma volume (PV) and albumin content (Alb cont) in plasma for 23 h after exercise were attenuated in older subjects compared with in young adult subjects, and if this attenuation abated by supplementation with protein and carbohydrate (CHO) immediately after exercise. Eight moderately active older (ϳ68 yr) and 8 young (ϳ21 yr) men performed two trials: control (CNT) and Pro-CHO in which subjects consumed placebo (0.5 kcal, 0 g protein, 0.5 mg Na ϩ in 3.2 ml total fluid volume/kg body wt) or protein and CHO mixture (3.2 kcal, 0.18 g protein, 0.5 mg Na ϩ in 3.2 ml total fluid volume/kg body wt) supplementations, respectively, immediately after high-intensity interval exercise for 72 min [8 sets of 4 min at 70 -80% peak oxygen consumption rate (V O2peak) intermitted by 5 min at 20% V O2peak]. PV, Albcont, and plasma globulin content (Glb cont) were measured before exercise, at the end of exercise, every hour from the 1st to the 5th hour after exercise, and at the 23rd hour after exercise. From 12 h before the start to the end of experiment, food intake was controlled to the age-matched recommended dietary allowances. We found that during the first 4 h after exercise in CNT, Alb cont recovered less in the older than the young group by ϳ0.04 g/kg (P Ͻ 0.05), while it generally recovered more with Pro-CHO than CNT by ϳ0.09 and ϳ0.04 g/kg in the young and older group, respectively, accompanied by a greater increase in PV by ϳ1 and ϳ2 ml/kg, respectively, during the 23 h after exercise (P Ͻ 0.05). Glb cont remained constant throughout the experiment in both trials for both age groups. Thus the attenuated responses of Alb cont and PV after exercise in older subjects were restored by protein and CHO supplementation immediately after exercise, similarly to young subjects.
increase in plasma albumin content (Alb cont ), resulting in drawing fluids into the vascular space so that plasma albumin concentration ([Alb] p ) remains constant (8, 15) . On the other hand, several previous studies suggested that an increase in Alb cont after aerobic training was diminished in older subjects with an attenuated increase in PV (33, 43) . Since one of the mechanisms of increased Alb cont after aerobic training was suggested as an enhanced response of hepatic albumin synthesis to exercise in young subjects (26, 42) , the lower increase in Alb cont after training in older subjects would be partially caused by their blunted albumin synthesis response to exercise (14, 39) due to a reduced gene expression rate with aging (22) . However, it is also plausible that this is caused by insufficient protein intake for albumin synthesis in older people since they are likely habituated to low-caloric and -protein diets due to minimal daily physical activity (25, 34) . These mechanisms may lead to a reduction in substrate availability for protein synthesis after strenuous exercise in older subjects. Therefore, the first purpose of the present study was to examine the hypothesis that PV and Alb cont responses to acute exercise were attenuated in older subjects compared with young subjects, as previously suggested (40, 41, 43) , when food intake was controlled according to the recommended dietary allowances (RDA) for Japanese (25) .
The second purpose of the present study was to develop countermeasures against attenuated responses of PV and Alb cont to exercise in older people if they were observed. It was suggested in young subjects that the hepatic albumin synthetic rate increased for several hours after a bout of exercise (42) , starting 10 min after exercise (39) . Also, the albumin synthetic rate in the liver was suggested to be increased by enhanced insulin secretion after carbohydrate (CHO) intake (1, 10, 11) . Based on these results, we hypothesized that the responses of PV and Alb cont to strenuous exercise were enhanced in older subjects as well as in young subjects when a protein and CHO supplement was given immediately after exercise.
To examine these two hypotheses, we compared the responses of PV and Alb cont to high-intensity interval exercise between young and older groups and also compared the responses between the two trials-protein and CHO intake and placebo intake immediately after exercise-in both age groups, while other food intake was controlled to the age-matched RDA throughout the experiment. We measured hormonal responses, plasma concentrations of insulin ([Insulin] p ), glucagon ([Glucagon] p ), growth hormone ([GH] p ), and aldosterone ([Aldosterone] p ), because these hormones were reportedly involved in albumin synthesis or renal water and electrolyte retention mechanisms (2, 5, 24, 34, 35) and there might be differences in their responses between young and older sub-jects. Moreover, we measured urine parameters to assess any differences in water and electrolyte excretions between the two trials in young and older subjects.
METHODS

Subjects
The procedure was approved by the Institutional Review Board on Human Experiments, Shinshu University School of Medicine, and conformed to the standards set by the Declaration of Helsinki. After the experimental protocol was fully explained, eight young and eight older healthy male volunteers (Table 1) gave written informed consent before participating in this study. The subjects were moderately active but had not participated in any regular exercise training program for at least 2 yr before the start of this study. Each subject gave a complete medical history and underwent examinations of physical characteristics, resting blood pressure (BP, sphygmomanometry), and measurement of peak oxygen consumption rate (V O2peak). All subjects were nonsmokers and normotensive and had no overt history of hepatic, thyroid, renal, metabolic, cardiovascular, or pulmonary diseases, or orthopedic limitations in the exercise tests. We checked whether all subjects took medication that would influence cardiovascular function, blood volume, and blood constituents, and three of them were asked to stop taking their clinically prescribed medicine for gastroenteritis, prostatomegaly, and foot ringworm from at least 5 half-lives before to the end of the experiment.
Protocol
All experiments were conducted between December and June with Ϫ1 to 19°C of mean atmospheric temperature and ϳ65% of relative humidity (RH) to avoid any effect of heat acclimatization. V O2peak was determined by graded cycling exercise for more than 7 days before the main experiment. The protocol of the main experiment is presented in Fig. 1 . Each subject performed two trials according to supplementation immediately after exercise: 1) protein and CHO mixture intake (Pro-CHO), and 2) nonprotein and low-caloric placebo intake (CNT). Each trial consisted of 3 consecutive days (day 1, day 2, and day 3) and was performed at a 1-to 4-wk interval with the order counterbalanced. Subjects were instructed to refrain from vigorous exercise for 2 days before day 1 and also from beverages containing caffeine and alcohol as well as salty foods for 24 h before day 1. Moreover, to standardize nutritional intake during the 3 days, they were given meals of known composition from the dinner on day 1 to the breakfast on day 3, as described below.
On day 1, subjects reported to the laboratory at 1730 without eating or drinking after a light lunch, except water, and then they had dinner of known composition at 1800 at the laboratory. Thereafter, they were allowed to go home but were instructed to drink more than 1 liter of water between dinner and bedtime.
On day 2, the subjects reported to the laboratory at 0700 well hydrated. They were then instructed to have breakfast and 10 ml/kg of water within 30 min after their arrival. At 0900, they were weighed after emptying their bladders, put on shorts and shoes, and entered a room controlled to ϳ28°C ambient temperature (T a) and ϳ50% RH. After resting in a sitting position for 1 h, a 20-gauge Teflon catheter was inserted into the antecubital vein. PV was then determined by the Evans blue dye dilution method, and heart rate (HR), BP, and blood and plasma constituents were determined at baseline before exercise.
After PV determination, the subjects were weighed again after emptying their bladders, and moved into an adjacent chamber controlled to 19.0 Ϯ 0.1°C T a and 50 Ϯ 1% (mean Ϯ range) RH to perform interval cycling exercise for 72 min in an upright position as described below. HR and BP were measured every minute, and blood samples were taken in the last minute of the last set of intense exercise.
After exercise, they were weighed again, emptied their bladders, and returned to the room controlled to ϳ28°C T a and ϳ50% RH. They then ingested a protein and CHO mixture for the Pro-CHO trial and a placebo for the CNT trial within 3-7 min after the end of exercise; thereafter, they rested in a sitting position for 5 h of recovery. HR and BP were measured and blood was sampled every hour from the 1st to 5th hour of recovery. As a snack, subjects drank 0.25 ml/kg of an alimentary drink (Calorie Mate; Otsuka Pharmaceutical, Tokyo) every 10 min from 2.5 h of recovery to the 5th hour of recovery. After eating the same dinner as on day 1 at 1800, they were allowed to go home but instructed to maintain the same procedure as for day 1. On the morning of day 3, they returned to the laboratory at 0700. After the same procedure as on day 2, except for PV determination by the dye dilution method, HR and BP were measured and blood was sampled at the 23rd hour of recovery.
Interval Cycling Exercise
The reasons for using interval exercise were that this protocol had been adopted by previous studies to examine PV expansion mechanisms with increased Alb cont after acute high-intensity exercise (15, 26, 42) . This exercise consisted of 8 sets of 4-min intense exercise intermitted by 5-min light exercise. The intensity of intense exercise was 70% V O2peak for the first set, gradually increased to 75% V O2peak for the second set, and 80% V O2peak for the third and following sets. When HR increased over 90% of their maximal HR (HRmax) during intense exercise or subjects complained of exhaustion, the intensity of the following sets was reduced by 5%. The intensity of light exercise was maintained at 20% V O2peak. The mechanical power requirement of the third and following sets of intense exercise was 217 Ϯ 7 W for young subjects and 129 Ϯ 8 W for older subjects.
In the CNT and Pro-CHO trials, all young subjects completed the prescheduled power requirement, whereas four of eight older subjects did not complete the first trial (1 for CNT and 3 for Pro-CHO), with 2-16% lower workload than the prescheduled requirement after the third set of intense exercise. Therefore, they performed the same workload in the second trial as in the first trial. As a result, mean HR during intense exercise was 80 -87% of HR max in both age groups with no significant differences between trials in both age groups (P Ͼ 0.15). Similarly, sweat loss during exercise, calculated from changes in body weight, was ϳ600 g in young and ϳ300 g in older subjects with no significant differences between trials (both: P Ͼ 0.08). Table 2 shows total energy, protein, CHO, and Na ϩ content in meals, snacks, and supplements given to subjects during experiments. The menu of meals and snacks was designed to meet total caloric requirements per day for subjects performing moderate physical activity according to the age-matched RDA for Japanese (25): 1.01 g/kg of protein, fat equivalent to 30% of the total energy, and 3.7 mg/kcal of NaCl. Moreover, subjects in both age groups were given a mixture of protein and CHO in the Pro-CHO trial, and a nonprotein and low-calorie placebo in the CNT trial, immediately after exercise. Values are means Ϯ SE (range) for 8 subjects. BMI, body mass index; V O2peak, peak oxygen consumption rate; HRmax, maximal heart rate. †P Ͻ 0.05 compared with young subjects.
Calories and Protein in Meals, Snacks, and Supplements
Both supplements contained the same amounts of minerals except for protein and CHO in a given volume. The taste of the two supplements was adjusted to be similar by adding artificial sweetener and taste additives.
The reasons for adopting the amount and composition of protein-CHO supplement in the present study were based on the findings in a previous study on middle-aged and older subjects (21) that a mixture of 10 g protein and 31 g CHO intake immediately after a bout of resistance exercise induced an increase in plasma essential amino acid and insulin concentrations for 2 h and a positive protein balance in the leg skeletal muscles for 3 h after exercise. Therefore, we chose the similar amount and composition of supplement as in the previous study (21) . The majority of protein and CHO in the supplements was from whey protein and regular sugar, respectively. The amino acid composition (mg/g protein) of the supplement was 18 
Measurements
V O2peak. V O2peak and HRmax were determined in an artificial climate chamber adjusted to 25.0 Ϯ 0.1°C (mean Ϯ range) and RH of 46 Ϯ 1% by graded cycling exercise. After measurements at rest for 3 min, subjects started pedaling at 60 cycles/min without loading. Exercise intensity was increased by 60 W every 3 min until 180 W and, above this intensity, by 30 W every 2 min until 240 W and then by 15 W every 2 min in young subjects; and by 30 W every 3 min until 120 W and, above this intensity, by 15 W every 2 min in older subjects, until they could not maintain the rhythm due to exhaustion. Oxygen consumption rate (V O2) was determined every 15 s from oxygen and carbon dioxide fractions in expired gas and ventilatory volume (Aeromonitor AE260; Minato, Tokyo). HR was recorded every minute using an electrocardiogram trace (Life Scope 8; Nihon Kohden, Tokyo). V O2peak was determined by averaging the three largest consecutive values at the end of exercise. The criteria for determining V O2peak were respiratory exchange ratio of Ͼ1.1, V O2 leveled off despite increasing workload, and HR reached the agepredicted maximal value. HR max was adopted at V O2peak.
HR and BP. HR was measured as described above and systolic (SBP) and diastolic BP (DBP) were determined from the right upper arm at the heart level by cuff inflation with sonometric pickup of Korotkoff's sound (model STBP-780; Colin, Komaki, Japan). The values at baseline and during recovery were determined at rest in the sitting position and those at the end of exercise were determined during exercise in the upright position. Mean blood pressure (MBP) was calculated as DBP ϩ (SBP Ϫ DBP)/3.
PV. PV was determined by the Evans blue dye dilution method as described previously (18, 33) . Briefly, after a control blood sample was taken, the dye was injected at 0.2 mg/kg, and blood samples were taken 10, 20, and 30 min after injection. The absorbance (620 and 740 nm, U-1500; Hitachi, Tokyo) of a 10-min plasma sample was used to calculate PV after background absorbance due to turbidity was corrected using a regression equation for the relationship between 620 and 740 nm, previously determined in 64 control plasma samples in 22 subjects (13, 33) . Blood volume (BV) was calculated from PV and hematocrit (Hct) values after correction for plasma trapped among red blood cells in a Hct tube (0.96) and the F-cell ratio (0.91) (19) . The measurement error of BV was 2.1 Ϯ 1.8% (means Ϯ SD) (n ϭ 4), which was obtained by measuring BV twice in the same subjects with a BV of 64.9 -93.5 ml/kg at 2-to 3-wk intervals.
Blood constituents and hormones. A 1-ml aliquot of blood sample was transferred to a heparin-treated tube and used to determine Hct (microcentrifuge) and hemoglobin concentration ([Hb] by the cyanomethemoglobin method; Sigma Chemical, MO) in triplicate. A 3-ml aliquot of sample was injected into a heparin-treated tube and centrifuged at 4°C for 30 min. The plasma was stored at Ϫ80°C for later analysis of total protein ([TP] p by the biuret method; Wako Chemical, Tokyo), albumin concentration ([Alb] p by the bromcresol green method; Wako Chemical), osmolality (Osmol p by freezing- A 3-ml aliquot of sample was collected in a chilled tube (1.2 mg/ml DTA-2Na and 500 KIU/ml trasylol) to determine [Glucagon] p (radioimmunoassay; TFB, Tokyo) and the remaining 7 ml of the aliquot was collected in a chilled tube (1.5 mg/ml DTA-2Na) to determine [Insulin] p, were Ϯ 1.66% in %⌬PV (Ϯ0.79 ml/kg in PV), Ϯ0.058 g/kg in TPcont, and Ϯ0.033 g/kg in Albcont within a group, and Ϯ2.17% (Ϯ1.04 ml/kg), Ϯ0.075 ml/kg, and Ϯ0.044 ml/kg, respectively, between independent groups, with a sample size of 8, power of 0.8, and type I error of probability of 0.05.
Urine flow rate and osmotic and free water clearance. Urine flow rate (UF) was calculated by dividing the sample volume (ml) by collecting time (min). An aliquot of urine was stored at Ϫ80°C for later analysis of osmolality by the freezing-point depression method. The value of osmotic clearance (C osm) was obtained as Cosm ϭ (Osmol u/Osmolp) ϫ UF, where Osmolu is urine osmolality (42) . Free water clearance (C H2O) was determined as CH2O ϭ UF Ϫ Cosm.
Analyses and Statistics
Values are presented as means Ϯ SE for 8 subjects in each group. We performed statistical analyses on the values in Tables 3, 4 , and 5 and also on [Glucose] p in Fig. 2 at baseline, at the end of exercise, at the 1st, 2nd, 3rd, 4th, 5th, and 23rd hour of recovery although the values at the 2nd, 3rd, and 4th hour were omitted in the tables. Moreover, we did the analyses on the plasma hormonal concentrations in Fig. 2 at baseline, at the end of exercise, at the 1st, 2nd, 5th, and 23rd hour of recovery, and also on the values in Fig. 3 at the end of exercise, at the 1st, 2nd, 3rd, 4th, 5th, and 23rd hour of recovery.
Three-way ANOVA [1 between (age) and 2 within (trial and time) factors] with repeated measures was used to examine any significant differences in variables from the baseline in each trial of each age group. Further, the model was used to examine any significant differences between age groups in each trial and also between trials in each age group (Tables 3-5 ; Figs. 2 and 3) . Moreover, from interactive effects of the main factors (age, trial, and time) on variables by the model, we examined whether the responses of variables to exercise were significantly different between age groups (age ϫ time), whether the effects of supplementation on variables were significantly different between trials (trial ϫ time), and whether the effects were significantly different between age groups (age ϫ trial) ( Tables 3-5) .
Finally, two-way ANOVA [1 between (age) and 1 within (time) factors] with repeated measures was used to examine whether changes Values are means Ϯ SE for 8 subjects. CNT, control placebo trial; Pro-CHO, protein and carbohydrate supplement trial; B, baseline; E, end of exercise; 1, 5, and 23; 1st, 5th, and 23rd hour of recovery, respectively. HR, heart rate; MBP, mean blood pressure; Hct, hematocrit; ͓Hb͔, hemoglobin concentration; ͓TP͔p and ͓Alb͔p, plasma total protein and albumin concentration, respectively; NS, not significant. Statistical analyses were performed on all values including the 2nd, 3rd, and 4th hour of recovery. *P Ͻ 0.05 compared with baseline. †P Ͻ 0.05 compared with young. ‡P Ͻ 0.05 compared with CNT.
in each variable between trials were significantly different between age groups.
Subsequent post hoc tests to determine significant differences in various pairwise comparisons were performed using the Bonferroni test. The null hypothesis was rejected when P Ͻ 0.05. Table 1 shows the physical characteristics of subjects. V O 2peak and HR max (both, P Ͻ 0.001) were lower in the older group than in the young group with no significant differences in other variables between groups (P Ͼ 0.12). Table 3 demonstrates HR, MBP, and blood constituents at the baseline, at the end of exercise, and during recovery. Values at the 2nd, 3rd, and 4th hour of recovery are not shown. Although there were no significant differences in Hct and [Hb] between Pro-CHO and CNT throughout the experiment, we found that they were significantly lower at the 23rd hour of recovery than at the baseline in both age groups in Pro-CHO (both, P Ͻ 0.001) while not in CNT. Moreover, we found in the young group that [TP] p and [Alb] p were significantly higher than the baseline for 5-h recovery in Pro-CHO (P Ͻ 0.001 to P ϭ 0.002; and P Ͻ 0.001, respectively) while not in CNT. However, this was not found for the older group. Comparing baseline values between the two age groups, [Hb] and [Alb] p were significantly lower in the older group than in the young group in both trials (P ϭ 0.002-0.05). These significant differences persisted throughout recovery. Finally, we found a significant interactive effect of (trial ϫ time) on Hct and [Hb] , suggesting that their responses were significantly augmented in Pro-CHO compared with CNT. Similarly, we found a significant interactive effect of (age ϫ time) on Hct, [Hb], [TP] p , and
RESULTS
[Alb] p , suggesting that their responses were significantly attenuated in the older group compared with the young group. Table 4 shows plasma electrolyte concentrations and urine parameters at the baseline, at the end of exercise, and during recovery. Values at the 2nd, 3rd, and 4th hour of recovery are not shown. Osmol p increased from the baseline during recovery for 5 h in both trials for both age groups (P Ͻ 0.001 to P ϭ 0.002), but the increase was slightly but significantly higher in Pro-CHO than in CNT (P Ͻ 0.001 to P ϭ 0.04). On the other hand, this trend did not occur in [Na ϩ ] p or in [Cl Ϫ ] p (not shown). This discrepancy might be explained by a greater increase in [Glucose] p of 30 -40 mg/dl (ϳ2 mM) in Pro-CHO than CNT at the 1st hour of recovery (Fig. 2) . UF significantly decreased during recovery compared with the baseline in both trials for both age groups.
Moreover, we found a significant interactive effect of (trial ϫ time) on Osmol p , UF, and C H2O , suggesting that UF was significantly lower in Pro-CHO than in CNT with a greater increase in Osmol p in both age groups. Similarly, we found a significant interactive effect of (age ϫ time) on Osmol p , [Na ϩ ] p , and UF, suggesting that their responses were attenuated in the older group (Table 4) . Figure 2 shows at baseline, at the end of exercise, and during recovery. Values at the 2nd, 3rd, and 4th hour of recovery are not shown. PV in Pro-CHO had increased significantly from the baseline by the 23rd hour of recovery while not in CNT for both age groups. Similarly, Alb cont in Pro-CHO had increased by the 1st hour in the young group and by the 5th hour in the older group while not in CNT in any age group. In contrast, Glb cont remained constant throughout recovery in both trials for both age groups, suggesting that the increase in TP cont was almost certainly caused by Alb cont . Osmol cont in Pro-CHO had increased significantly from the baseline by the 1st hour of recovery while not in CNT for any age group. Similarly, Na ϩ cont in Pro-CHO had increased significantly by the 23rd hour of recovery while not in CNT in any age group. Further, we found a significant interactive effect of (trial ϫ time) on PV, Alb cont , Osmol cont , and Na ϩ cont , suggesting that their responses were augmented in Pro-CHO for both age groups. Similarly, we found a significant interactive effect of (age ϫ time) on Alb cont and Na ϩ cont , suggesting that responses were attenuated in the older group. Figure 3 shows changes (⌬) in PV, Alb cont , Glb cont , Osmol cont , and Na ϩ cont from the baseline during recovery. Recovery after exercise was significantly higher in Pro-CHO than CNT from the 1st or 2nd hour, and this elevated level was sustained until the 23rd hour (P Ͻ 0.001 to P ϭ 0.05). On the other hand, ⌬Glb cont was almost null in both trials for both groups. When these responses are compared between age groups, ⌬Alb cont during recovery in both trials for the older group were generally lower (P Ͻ 0.001 to P ϭ 0.03) than those in the corresponding trials for the young group except at the 5th and 23rd hour in CNT (P Ͼ 0.06).
Moreover, we found that the greater recoveries of PV, Alb cont , and Osmol cont in Pro-CHO, calculated by subtracting the respective value in CNT from that in Pro-CHO, were 1.14 Ϯ 0.46 vs. 1.56 Ϯ 0.46 ml, 0.093 Ϯ 0.017 vs. 0.045 Ϯ 0.016 g, and 0.33 Ϯ 0.14 vs. 0.47 Ϯ 0.14 mosmol/kg body wt at the 23rd hour in the young and older groups, respectively, with no significant differences at any time of recovery between groups (P Ͼ 0.15), and also with no interactive effect of (age ϫ time) (P Ͼ 0.45). These results suggest that the greater recoveries in variables by Pro-CHO supplementation were similar between age groups.
DISCUSSION
In the present study, we found that recovery of Alb cont for the first 4 h after a bout of high-intensity intermittent exercise was attenuated in the older subjects compared with the young group, accompanied by attenuated recovery of PV, when food intake was controlled to the age-matched RDA. On the other hand, we found that recovery of Alb cont in the older group was enhanced by protein-CHO supplementation immediately after exercise, accompanied by more recovery in PV, similarly to the young group. Finally, we found that Glb cont remained constant throughout the experiment, suggesting that the increase in TP cont was mainly caused by that of Alb cont . Thus these results may provide a new training regimen for older people to increase Alb cont and PV, as we suggested (32). Age ϫ time P ϭ 0.002
Values are means Ϯ SE for 8 subjects. PV, plasma volume; Albcont, Glbcont, Osmolcont, and Na ϩ cont, plasma albumin, globulin, osmotic, and sodium content, respectively. Statistical analyses were performed on all values including the 2nd, 3rd, and 4th hour of recovery. *P Ͻ 0.05 compared with baseline. See Table  3 for other abbreviations.
Alb cont
As in Fig. 3 , Alb cont response during recovery in CNT was significantly lower in the older group than in the young group, as suggested previously (43) . As for the mechanism, the deteriorated response of stress hormones to exercise was involved, and indeed, the increase in [GH] p was markedly attenuated in the older group (Fig. 2) . However, in the present study, we found that Alb cont increased in the older group as in the young group when a protein and CHO supplement was given, suggesting that the lower increase in Alb cont after training in older subjects (33, 43) was mainly caused by substrate supply insufficient to increase Alb cont after exercise rather than by the blunted response of stress hormones.
Regarding the mechanisms of increased Alb cont by protein-CHO supplementation immediately after exercise, it has been suggested in young subjects that the hepatic albumin synthetic rate was enhanced after a bout of intense exercise (26, 42) . Moreover, plasma protein synthesis in the liver was reportedly enhanced after a meal or intravenous infusion of amino acids (11) . As in Table 5 and Fig. 3 , we found in older subjects that Alb cont during 23 h of recovery after a bout of exercise was increased by protein-CHO supplementation, similarly to in young subjects, suggesting that these mechanisms were well preserved in older subjects.
As shown in Fig. 2 , we found in young and older subjects that [Insulin] p increased markedly with an increase in [Glucose] p for the 1st to 2nd hour of recovery in Pro-CHO compared with CNT, accompanied by a simultaneous increase in Alb cont . Several studies have suggested that insulin stimulates protein synthesis and suppresses proteolysis in the liver (1, 10) . Moreover, Flakoll et al. (12) found in overnight-fasted subjects that the suppressive effects of insulin on the breakdown of amino acids in the whole body were enhanced when plasma amino acid concentrations were restored to the prefasted level and suggested that the anabolic function of insulin was enhanced when plasma amino acid concentrations were elevated. Therefore, increased Alb cont by supplementation in the present study might be partially explained by increased insulin with enhanced protein synthesis and/or suppressed proteolysis in the liver.
Another plausible mechanism for increasing Alb cont is higher total protein intake per day in Pro-CHO than in CNT; however, in the present study, protein intake without supplements in both trials met the standard value of the RDA and was also greater than the minimal requirement for a positive nitrogen balance of 0.7 g ⅐kg Ϫ1 ⅐day Ϫ1 for Japanese in both age groups (25) . Moreover, Bowtell et al. (4) studied the effects of dietary protein intake higher than the amount for positive nitrogen balance in young subjects and suggested that there were no differences in whole body protein synthesis for 2 h after moderately intense exercise between the two groups with high protein intake (1.8 g ⅐ kg Ϫ1 ⅐day Ϫ1 ) or low but positively balanced protein intake (0.7 g ⅐kg Ϫ1 ⅐day Ϫ1 ) the day before exercise. Similar results were also suggested for whole body protein and plasma albumin synthetic rates after 4-h lightintensity exercise (6) . In the present study, surplus protein intake in Pro-CHO was 0.18 g/kg and total protein intake per day was 1.19 g⅐ kg Ϫ1 ⅐day Ϫ1 , markedly less than in prior studies (4, 6) . These results suggest that the timing of protein and CHO intake after exercise might be a key condition to increase Alb cont rather than the total amount of daily protein intake. Indeed, in the present study, we found that Alb cont in Pro-CHO increased during the first 2 h of recovery but remained at that level thereafter although meals containing a larger amount of protein and CHO than the supplement were given during this period.
Recovery of PV
Senay et al. (38) first suggested the role of albumin in heat acclimation-induced PV expansion although previously the oncotic qualities of plasma protein had been regarded as only sustaining PV (37). As Senay et al. (38) suggested, since albumin has a low molecular mass and is abundant in plasma, an increase in Alb cont , and therefore temporally increased [Alb] p enhances the effective colloid osmotic pressure gradient between intra-and extravascular spaces, and thereby induces more electrolytes and water retention in the intravascular space (8, 15) . It is suggested that the increase in Alb cont with supplementation caused a body fluid shift from extra-to intravascular fluid to increase PV.
On the other hand, as in Fig. 3 and Table 5 , PV increases with supplementation were also observed with increases in Osmol cont and Na ϩ cont in both age groups, suggesting that higher recovery of PV was accompanied by higher Na ϩ retention in intravascular and/or extracellular fluid spaces. Indeed, it has been suggested that fluid volume in these spaces was increased by enhanced renal Na ϩ and water retention mechanisms after a bout of intense exercise (8, 9, 30) .
However, since Osmol cont and Na ϩ cont increased only in Pro-CHO, and since dehydration as a result of exercise and consumed Na ϩ , water, and food during recovery were all similar between trials (Table 2) , increased Alb cont appeared to be the primary mechanism of the increases in Osmol cont and Na ϩ cont in intravascular and/or extravascular spaces after a bout of exercise.
Indeed, as in Table 4 , UF in Pro-CHO was reduced compared with CNT with higher Osmol p and more negative C H2O , suggesting that the enhanced reabsorption rate of free water by the kidney significantly contributed to the higher recovery of PV in Pro-CHO than CNT. However, total urine volume during 5-h recovery was 137 Ϯ 13 ml in Pro-CHO, only ϳ20 ml less than 158 Ϯ 15 ml in CNT in the young group. Similarly, in the older group, it was 169 Ϯ 16 ml in Pro-CHO, and only ϳ18 ml less than 187 Ϯ 12 ml in CNT. On the other hand, the higher recovery in PV for 5-h recovery was ϳ70 ml in the young group and ϳ100 ml in the older group, much higher than the reduction in total urine volume. Moreover, as in Fig. 2 , we found that [Insulin] p , known to have antinatriuretic effects, had returned to the baseline by the 2nd hour of recovery in Pro-CHO, also with no significant differences from other hormonal responses known to control the renal sodium reabsorption rate, [Glucagon] p and [Aldosterone] p (5), between trials. These results suggest that the higher recovery in PV, Na ϩ cont , and Osmol cont in Pro-CHO were caused not by accelerated Na ϩ and water retention by the kidney but by oncotically evoked fluid shift with the bulk flow of Na ϩ ions from the extra-to intravascular space at least during 5-h recovery.
As in Fig. 3 , the incomplete recovery of PV during 5-h recovery in CNT for both age groups would be caused by insufficient fluid intake after exercise. However, subjects were given ϳ200 ml water immediately after exercise in both age groups with placebo or protein-CHO supplement and ϳ240 ml with snacks after 2.5 to 5 h of recovery while their sweat loss during exercise was ϳ600 g in the young group and ϳ300 g in the older group. Since it was suggested that PV loss was ϳ10% of total sweat loss and ϳ15% of consumed tap water was retained in the vascular space in the time range of the present study (31) , the fluid intake during recovery would be enough to recover the PV deficit by exercise. Thus the incomplete recovery of PV for both age groups was unlikely to have been caused by negative fluid balance. In the present study, we found that PV recovered completely by protein-CHO supplementation.
Physiological Significance
Since the increase in PV by supplementation was ϳ100 ml in both age groups, less than 2% of the total volume, the physiological significance can be doubted. However, Nose et al. (29) examined the effects of intravenous saline infusion during exercise on forearm skin blood flow and suggested that PV expansion by 150 ml increased skin blood flow by 35% at 38.1°C of esophageal temperature. Similarly, head-out water immersion (28) and continuous negative pressure breathing (27) during exercise, known to increase venous return to the heart and cardiac stroke volume by 5-10% compared with that in the control (3), were suggested to increase skin blood flow by 20% at 38.1°C esophageal temperature. This increase in stroke volume was reportedly attained by ϳ100 ml PV expansion (36) . Thus even an acute but small increase in PV significantly improves skin blood flow response during exercise.
Moreover, Okazaki et al. (33) recently suggested in middleaged and older men after 18-wk aerobic training that the sensitivity of skin vasodilatory and sweating responses to increased esophageal temperature was enhanced in subjects with PV expansion: 36% sensitivity for skin vasodilation and 30% for sweating for a 100 ml increase in PV. More recently, they suggested in older subjects after 8-wk aerobic training that the sensitivity of skin vasodilation during exercise increased by 80% and that of sweating by 18%, accompanied by a 10% increase in stroke volume, when PV increased by ϳ140 ml by protein-CHO supplementation during training, while these responses were all minimal by placebo supplementation (32) . More recently, these findings were confirmed in young subjects after 5-day aerobic training (16) . Thus even a small increase in PV after aerobic training markedly enhanced skin vasodilatory and sweating responses during exercise.
Limitations
It has been suggested that an increase in Alb cont after acute aerobic exercise was caused by enhanced lymphatic return of albumin (23) as well as the reduced transcapillary escape rate for plasma albumin (20) in addition to the increased albumin synthetic rate (26, 42) . However, in the present study, we found that Alb cont increased with no increase in Glb cont in Pro-CHO while it did not occur in CNT despite the same experimental conditions between two trials except for supplementation. These results suggest that protein-CHO supplementation immediately after exercise enhanced albumin synthesis although the involvement of other mechanisms could not be excluded.
As in Fig. 3 , although PV in CNT for the old group tended to be lower than the baseline for 5-h recovery, it returned to baseline by the 23rd hour of recovery despite the persistently lower Alb cont . Moreover, as in Table 3 , [Alb] p , Osmol p , and [Na ϩ ] p at the 23rd hour of recovery were all lower than the baseline in both trials for older subjects, suggesting that water retention in the vascular space was caused by mechanisms other than Alb cont and Na ϩ cont , such as enhanced water intake and/or free water retention (Table 4) due to increased thirst sensation and ADH secretion after a bout of strenuous exercise. However, despite these, more PV recovery in Pro-CHO was likely caused by enhanced Alb cont and Na ϩ cont by protein-CHO supplementation.
In conclusion, the recovery of Alb cont after a bout of exercise in CNT for older subjects was significantly attenuated compared with in young subjects for the first few hours after exercise, accompanied by incomplete recovery of PV, even if food intake was controlled to the age-matched RDA. Moreover, a mixture of protein and CHO intake immediately after exercise increased Alb cont and PV in older subjects, similarly to in young subjects. Therefore, the supplementation would be useful to enhance exercise-induced PV expansion in older as well as young subjects.
